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ABSTRACT:
Enzyme-responsive supramolecular peptide biomaterials have attracted growing interest for 
disease diagnostics and treatments. However, it remains unclear whether enzymes target the 
peptide assemblies or dissociated peptide monomers. To gain further insight into the degradation 
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mechanism of supramolecular peptide amphiphile (PA) nanofibers, cathepsin B, with both 
exopeptidase and endopeptidase activities, was exploited here for degradation studies. Hydrolysis 
was found to occur directly on the PA nanofibers as only surface amino acid residues were cleaved. 
The number of cleaved residues and the degradation efficiency were seen to be negatively 
correlated with the internal viscosity of the PA nanofibers, quantified to be between 200 - 800 cP 
(liquid phase) using fluorescence lifetime imaging microscopy combined with an environmentally 
sensitive molecular rotor, BODIPY-C10. These findings enhance our understanding on the 
enzymatic degradation of supramolecular PA nanofibers and have important implications for the 
development of PA probes for the real-time monitoring of disease-related enzymes.
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     Inspired by the numerous enzyme regulated processes in living organisms, enzyme-responsive 
biomaterials have been designed to exert their functions specifically and selectively in response to 
the abnormal expression of enzymes at disease sites.1 As such, they are particularly attractive for 
disease diagnostics and treatments.2, 3 One popular approach to fabricate enzyme-responsive 
biomaterials is supramolecular self-assembly, in which the enzyme-sensitive functionalities, 
typically peptide sequences, can be rationally incorporated into self-assembling units able to form 
various types of nanostructures.4-7 Responding to the enzymatic activity, these supramolecular 
systems can undergo different pathways, including molecular assembly,8-10 disassembly,11 and 
also dynamic molecular reconfigurations.12-15 These processes can result in the formation, 
dissociation and transition of the assemblies, endowing them with desirable properties for diverse 
biomedical applications, ranging from selective cancer cell killing,16-18 targeted therapeutic 
release,19-21 to cell-mediated remodeling of extracellular matrix mimics.6, 22 
     One important consideration when designing enzyme-responsive supramolecular biomaterials 
is the accessibility of the substrate to the enzyme. The cleavable site can be easily reached when 
the molecules are in the monomeric state (e.g. during enzyme-triggered assembly processes), but 
it can be limited, or even completely restricted, when the molecules are in the assembled state, 
especially in filaments (e.g. during enzyme-triggered disassembly and structure transition 
processes). Two main strategies have been pursued to address the lack of enzyme accessibility. 
One strategy is to expose the enzyme cleavable sequence on the surface of the assemblies,21 or 
incorporated in a cross-linker applied post-assembly,23 where the susceptible bond can be reached 
more easily by the enzyme. The other strategy is to incorporate the enzyme degradable sequence 
into self-assembled peptides with various backbone conformations, including β-sheet,4, 6 β-
hairpin,7 alpha-helical,15 and random coil,14 which exhibit different levels of molecular packing. 
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Recently, our group has revealed a correlation between the degradation efficiency of a widely 
utilized enzyme, matrix metalloproteinase-1 (MMP-1), and the β-sheet content of self-assembled 
peptide amphiphile (PA) nanofibers.23 The MMP-1 cleavability was observed to be significantly 
reduced in PA nanofibers with stronger β-sheet content. However, the enzymatic degradation 
mechanism of these PA nanofibers has not yet been fully elucidated. MMP-1 is an endopeptidase, 
and therefore it remains unclear whether the MMP-1 acts directly on the nanofibers, disturbing the 
balance of intramolecular forces (Scheme 1i), or acts on the dissociated monomers, shifting the 
equilibrium between PA monomers and nanofibers (Scheme 1ii). These processes can 
consequently lead to erosion, morphological transition or even disassembly of the nanofibers. To 
test these hypotheses, cathepsin B (CatB) was exploited here to hydrolyze the PA nanofibers. CatB 
is a lysosomal cysteine protease overexpressed in both invasive and metastatic cancers,24, 25 
possessing broad specificity for peptide bonds and exhibiting both exopeptidase 
(carboxypeptidase) and endopeptidase activities.26 As such, either cleavage of amino acid residues 
located on the nanofiber surface, or hydrolysis of cleavable sites buried inside the nanofibers, are 
likely to occur (Scheme 1). To complement these studies, fluorescence lifetime imaging 
microscopy (FLIM) combined with the BODIPY-C10 molecular rotor, a fluorophore that is 
sensitive to the rigidity of its environment, was utilized to directly visualize and quantify the 
internal viscosity of the PA nanofibers, which may influence their degradation behavior. The 
findings of this study shed light on how supramolecular peptide nanofibers are degraded by 
enzymatic hydrolysis, and this knowledge could be applied to develop peptide-based probes for 
the real-time monitoring of enzymatic activities at disease sites.
     Four different PAs were rationally designed in this study (Figure 1A). All the PAs contain a 
tripeptide head composed of lysine residues (KKK) at the C-terminus to display multiple charges 
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and ensure good water solubility. The tetrapeptide (GFLG), which has been shown to be 
preferentially cleaved by CatB and thus widely used to create CatB-responsive materials, was then 
inserted next to the lysine domain in all the PAs.27, 28 Different modifications were implemented 
at the PA N-termini. The well-known β-sheet forming peptide segment (VVVAAA) was 
incorporated into PA1,29 and an α-helix promoting peptide sequence (AAAAAA) was selected for 
PA2 and PA3,30, 31 while no structural domain was added into PA4. In addition, compared to PA1, 
PA2 and PA4, which bear a single palmitic acid tail (C16) at their N-termini, PA3 possesses double 
octanoic acid tails (C8), which has been proven to introduce more steric hindrance and volume to 
favor a relatively loose molecular packing.32 The modifications made in the structural domain and 
alkyl tail of these PAs are expected to generate assemblies with variable molecular packing.
     The designed PAs were synthesized and purified, with their mass and purity confirmed by 
electrospray ionization mass spectrometry (ESI-MS) and reverse-phase high performance liquid 
chromatography (RP-HPLC), respectively (Figure S1-4). Owing to their amphiphilic properties, 
all PAs were observed to self-assemble into long nanofibers (Figure S6) when dissolved in water 
(pH 7) at 0.5 mM, above their critical aggregation concentrations (CACs) as determined by the 
Nile red assay (Figure S5).33 However, unlike the other three PAs, that retained their long fibrous 
structure in the enzymatic reaction buffer (pH 5), PA4 assemblies appear as short rod-like 
nanofibers (Figure 1B1-E1), probably due to the increased charge repulsion at pH 5 and lack of 
structural domain of PA4. Furthermore, incubation in the enzymatic reaction buffer without CatB 
did not result in degradation or change in the morphology of the PA nanofibers, as observed by 
HPLC and TEM, respectively (Figure S13 and Figure S14). In the presence of CatB, the fibrous 
nanostructures observed for PA1, PA2 and PA3 were maintained after a 7-day incubation at 37 ℃, 
with an increasing degree of erosion observed under TEM (Figure 1B2-D2), while the short rod-
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like nanofibers formed by PA4 had undergone significant degradation, with only irregular 
aggregates could be observed under TEM (Figure 1E2). To identify the PA fragments after 
enzymatic hydrolysis by CatB, the reaction solutions were analyzed by liquid chromatography 
mass spectrometry (LC-MS) at day 7. In addition to the intact PA molecules, PA fragments lacking 
one C-terminal Lys residue were detected from PA1 (Figure S7) and PA2 (Figure S8) reaction 
solutions. Interestingly, additional PA fragments lacking two Lys residues were detected in both 
PA3 (Figure S9) and PA4 (Figure S11) solutions, and fragments lacking three Lys residues were 
also observed for PA4 (Figure S11). Cleavage of the surface lysine residues from PA4 assemblies 
reduces their solubility in aqueous medium and may lead to their precipitation. The eventual 
formation of precipitates may explain the absence of defined structures in the TEM images (Figure 
1E2). These results demonstrate that CatB can only cleave the C-terminal Lys residues presented 
at the surface of the PA nanofibers residue-by-residue. To validate the endopeptidase activity of 
CatB through preferential cleavage of the tetra-peptide substrate (GFLG), PA monomers were 
selected for the hydrolysis experiment. Considering the varying CAC values determined for the 
different PAs (Figure S5) and the limitations of HPLC detection (UV detection of amide bond) for 
low peptide concentration, PA3, with the highest CAC among the four PA molecules, was selected 
as representative PA. The PA3 solution was prepared at 0.05 mM, which is below its CAC, and 
incubated with CatB. The mass spectrum after 24 h digestion shows that the PA3 monomers have 
been completely broken down by CatB, since the mass of the original PA3 was not detected. The 
only PA fragment detected corresponds to the PA cleaved between F and L (Figure S10). The same 
preferred endopeptidase activity should also be expected for the monomers of the other PA 
molecules as their structure in the monomer state is very similar and the enzyme would have 
similar access to the cleavage site in the tetrapeptide (GLFG) substrate. Taken together, these 
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results suggest that the activity and selectivity of CatB are influenced by the assembly state of PAs. 
When the PAs are in their monomeric state, CatB shows predominant endopeptidase activity, 
preferentially cleaving the peptide bond between F and L. CatB exopeptidase activity may also 
take place on the PA monomers, but should be at a much slower rate as no related peptide 
fragments were detected. However, when the PAs are in the assembled state, with the cleavable 
site buried inside the nanofibers, CatB exopeptidase activity prevails, hydrolyzing surface C-
terminal amino acid residues sequentially. Therefore, the erosion observed for PA nanofibers 
resulted from CatB degradation directly on the assembled PA nanofibers. If the CatB cleavage 
would occur on the dissociated PA monomers, peptide fragments from the endopeptidase cleavage 
should also be detected. However, even for the PA3 and PA4 nanofibers, which assembled at 
relatively higher CAC and with less ordered molecular packing as well as expected higher 
dissociation rate of the monomers from the nanofibers, no peptide fragments from the 
endopeptidase cleavage were detected after the 7 days of enzymatic hydrolysis.
     The varying degrees of enzymatic degradation observed for the PA nanofibers were further 
quantified by RP-HPLC (Figure S12). As shown in Figure 2A, the short rod-like PA4 nanofibers 
exhibited the highest percentage of degradation (79.07 ± 2.25%) after incubation with CatB for 7 
days, followed by PA3 and PA2 nanofibers with 53.97 ± 1.47% and 36.10 ± 1.24% degradation, 
respectively. By contrast, PA1 nanofibers were barely hydrolysed by CatB with only 5.68 ± 0.25% 
degradation observed after 7 days. The enzymatic degradation efficiency of the PA nanofibers has 
been found to be negatively correlated to their β-sheet content in our previous study.23 The same 
correlation was also observed here, as the PA1 nanofibers, with the lowest percentage of 
degradation, exhibited the strongest β-sheet signal in the CD spectrum (Figure 2B). Conversely, 
PA2 nanofibers displayed an α-helix secondary structure, and the PA3 and PA4 nanofibers 
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exhibited random coil conformations (Figure 2B). The secondary structure of the PA nanofibers, 
determined by the pattern of hydrogen bonding between the amino hydrogen and carboxyl oxygen 
atoms in the peptide backbone, reflects the cohesion among the PA molecules in the nanofiber. 
These cohesive forces can then influence the molecular packing and the stability of the PA 
nanofibers. The stability of all nanofibers was tested upon 100-fold dilution, by monitoring the 
emission maximum of the polarity-sensitive Nile red dye. As demonstrated in Figure 2C-D, the 
emission maximum of Nile red remained at 620 nm for all nanofibers upon dilution, except for 
PA4. In the case of PA4 nanofibers, it red-shifted upon dilution, indicating that the nanofibers 
assembled from PA4 were unstable against dilution, changing the environment of Nile red from 
low-polarity nanofiber interior to high-polarity aqueous environment.23 The low stability of the 
PA4 nanofibers was consistent with their random coil conformation and the highest degradation 
efficiency by CatB. To compare the molecular packing in the PA2 and PA3 nanofibers, Thioflavin-
T (ThT) assay was performed for all the four PAs. ThT was discovered in 1959 as a switch-on 
fluorescent probe for amyloid fibrils, displaying enhanced fluorescence when bound to β-sheet 
rich structures.34 It has since been widely used for diagnostic and quantification of amyloid 
structures,35 but also to determine the CAC of β-sheet forming peptides36 and the β-sheet content 
in assembled peptide nanostructures.23, 32 The fluorescence on-off status of ThT has been further 
revealed to be regulated by the change of molecular packing, and could also be induced upon 
binding to DNA, α-helix rich peptide assemblies, polymer membranes, and even sodium dodecyl 
sulfate (SDS) micelles.37 As shown in Figure 2E, the fluorescence intensity of ThT varied 
significantly when bound to the different PA nanofibers, suggesting different molecular packing 
in the PA nanofibers: PA1 > PA2 > PA3 > PA4. These results inversely correlate to the degradation 
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percentage of PA nanofibers and also the number of C-terminal amino acid residues of PA 
nanofibers being cleaved. 
     The intermolecular cohesion of these PA nanofibers can also be probed by mapping their 
internal viscosity, the fluidity of the aliphatic core of the PA nanofibers, which can be visualized 
and quantified using fluorescence lifetime imaging microscopy (FLIM) combined with a boron-
dipyrromethene (BODIPY) based molecular rotor, BODIPY-C10.38 Unlike fluorescence intensity, 
which changes as a function of fluorophore concentration, the fluorescence lifetime is 
concentration independent and can provide a quantitative viscosity measurement that is not 
affected by possible inhomogeneous distribution of the molecular rotor.38, 39 The BODIPY-C10 
molecular rotor has been extensively exploited to measure the microviscosity of the hydrocarbon 
region in various lipid-based systems, owing to its lipophilic structure (Figure 3A), which allows 
its localization in the alkyl chain region of lipid monolayers and bilayers, including biological 
membranes, without disrupting the lipid structures.40, 41 Considering the lipophilic core of PA 
assemblies, BODIPY-C10 was also used here to investigate the internal viscosity of the PA 
nanofibers. As illustrated in Figure 3B, the PAs were co-assembled with BODIPY-C10 at a 
molecular ratio of 200:1 to optimise fluorophore signal with self-quenching at high loading (Figure 
S16a). Upon co-assembly with BODIPY-C10, PA1, PA2 and PA3 were still observed to form 
nanofibers, which showed no significant differences in both the morphology and secondary 
structure, compared to those in the absence of the molecular rotor (Figure S15). In comparison, no 
defined structures were observed for PA4 upon co-assembly, confirming the relatively weak self-
assembly ability of PA4 being disturbed in presence of BODIPY-C10 (Figure S15). Once 
incorporated into the core of PA nanofibers, molecular crowding restricts the intramolecular 
rotation and suppresses the non-radiative decay of BODIPY-C10, leading to enhanced 
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fluorescence quantum yield and lifetime.39 As shown in Figure 3C-F, intense emission and long 
lifetimes were detected from BODIPY-C10 incorporated in the PA nanofibers, indicating that the 
fluorophore was successfully localized in the alkyl chain core of the PA nanofibers. In contrast, 
BODIPY-C10 lifetime in an aqueous environment is very short and gives evidence of the dye 
aggregation.40 Additionally, the lifetime of BODIPY-C10 was observed to be independent of the 
dilution of PA solutions, demonstrating that the fluorophore is not localized externally on the 
surface of nanofiber bundles (Figure S16b). Diffraction limited fibrous features were imaged for 
PA1, PA2 and PA3 by FLIM, although single fibres could not be resolved from fibre bundles due 
to the limiting optical resolution (Figure 3C). The measured fluorescence lifetimes were fitted to 
a mono-exponential decay model (Figure 3D), which was indicative of the absence of self-
quenching or aggregation of the rotors and allowed for the conversion from lifetime to viscosity 
based on a previously produced calibration curve for BODIPY-C10 (Figure 3F-G).40, 41 The 
quantified internal viscosity of the PA nanofibers is in the range 200-800 cP, consistent with liquid 
phase and equivalent to mixtures of 85 – 100% glycerol in methanol at 295 K. It follows the order: 
PA1 = 737 cP > PA2 = 629 cP > PA3 = 372 cP, in agreement with the molecular packing assessed 
by the ThT assay (Figure 2E). The fluid like range of viscosities measured here for PA1-PA3 
nanofibers corresponds to rotational correlation times (θ) of ca. 8-16 ns, measured using time-
resolved fluorescence anisotropy measurements (Figure S17), which is similar to values of ca. 6-
20 ns measured previously for the alkyl chain region of related PA nanofibers using EPR 
spectroscopy.42
     In conclusion, the enzymatic degradation mechanisms of self-assembled PA nanofibers were 
revealed through the use of CatB, an enzyme with both endo- and exopeptidase activities. 
Monomeric PA molecules were preferentially hydrolysed by CatB at a cleavable site located at the 
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centre of the molecules. By contrast, assembled PA nanofibers, for which the cleavable site is less 
accessible, were shown to be degraded by CatB through a surface erosion mechanism whereby 
external, single amino acids are hydrolyzed in a sequential fashion. Therefore, the observed 
erosion and disassembly of the PA nanofibers resulted from CatB degradation directly on the 
assembled nanofibers, rather than on monomers dissociated from the assemblies. Moreover, the 
internal viscosity of the PA nanofibers was visualized and quantified for the first time at 
microscopic resolution by FLIM coupled with BODIPY-C10 molecular rotor, a fluorescent probe 
that increases its lifetime in response to rigidification of its environment. The degradation 
percentage of the PA nanofibers and the number of cleaved residues from the PA nanofibers were 
found to be negatively correlated to their internal viscosity. Specifically, high internal viscosity 
imposed by well-packed β-sheet conformation of PA molecules was shown to significantly reduce 
the percentage of degradation and the number of cleaved C-terminal amino acid residues. 
Considering the dynamic nature of this technique, future studies could be performed to measure 
changes in the internal viscosity of PA nanofibers during enzyme degradation in real time, which 
may allow the development of peptide-based probes to detect the expression level and activity of 
diseased-related enzymes.
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Scheme 1 Hypothesized enzymatic degradation mechanisms for the peptide amphiphile (PA) nanofibers. The 
enzyme can either act (i) directly on the nanofibers, disturbing the balance of intermolecular forces; or (ii) on the 
dissociated monomers, shifting the equilibrium between PA monomers and nanofibers. These hydrolysis processes 
can consequently lead to erosion, morphological transition or even disassembly of the nanofibers.
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Figure 1. Molecular design, assembly and CatB degradation of peptide amphiphile (PA) nanofibers. (A) 
Chemical structures of the rationally designed PAs containing four key design elements: (i) hydrophobic alkyl tail 
(black); (ii) secondary structure forming domain (red); (iii) CatB cleavable domain (green) and (iv) hydrophilic peptide 
headgroup (blue); together with circular labels (orange) demonstrating the C-terminal amino acid residue(s) cleaved 
by CatB in 168 h. Representative TEM images of the PA assemblies in enzymatic reaction buffer (pH 5) before (B1-
E1) and after (B2-E2) degradation by CatB for 168 h: (B) PA1; (C) PA2; (D) PA3; (E) PA4.
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Figure 2. Cathepsin B (CatB) degradation profile and structure characterization of peptide amphiphile (PA) 
nanofibers. (A) Degradation profile of the PA nanofibers by CatB during a 7-day (168 h) period, monitored and 
quantified over time using reverse-phase high performance liquid chromatography (RP-HPLC). (B) CD specta 
showing β-sheet secondary structure for PA1 nanofibers, α-helix for PA2 nanofibers, and random coil conformation 
for PA3 and PA4 nanofibers. (C) Fluorescence spectra of Nile red (ex = 550 nm) in the presence of 0.5 mM PAs 
showing emission maximum around wavelength of 620 nm, indicative of PA aggregation. (D) Upon 100-fold dilution, 
the emission maximum of Nile red remained around wavelength of 620 nm for PA1, PA2 and PA3, indicating 
formation of stable nanostructures by these PAs (Supplementary Discussion S4); while the emission maximum of the 
dye red-shiftted for PA4, showing that the formed nanostructures were unstable. (E) Fluorescence spectra of ThT (ex 
= 440 nm) in the presence of PA nanofibers indicating differences in the molecular packing of the various PA 
nanofibers (PA1 > PA2 > PA3 > PA4).
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Figure 3. Internal viscosity of peptide amphiphile (PA) nanofibers measured by Fluorescence Lifetime Imaging 
Microscopy (FLIM) and using BODIPY-C10 molecular rotor. (A) Chemical structure of BODIPY-C10 molecular 
rotor. (B) Proposed co-assembly of the BODIPY-C10 with PA molecules into nanofibers. (C) FLIM maps of PA1, 
PA2 and PA3 nanofibers in solution. Higher lifetime is indicated by blue colour in the FLIM maps, which corresponds 
to higher viscosity. (D) Typical time-resolved fluorescence decay traces taken from the crosshairs in (C). (E) 
Fluorescence lifetime histograms recorded from the images in (C). (F) Box plot of average nanofiber lifetimes, 
calculated from the peak of histogram distribution within a single image. Mean lifetime in ns are calculated as (95% 
confidence interval): PA1 = 4.11 (4.00 - 4.21), PA2 = 3.80 (3.60 - 3.99), and PA3 = 2.92 (2.78 – 3.06). (G) BODIPY-
C10 calibration between lifetime and viscosity, measured in methanol/glycerol mixtures of varied composition (0-
100%) over a 278 to 334 K temperature range, adapted from reference.40, 41 Coloured dots are the mean lifetimes of 
all nanofibers measured in (F), labelled with the corresponding viscosity. Scale bars = 1 µm.
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Supporting Information. Detailed description of experimental materials and methods; 
supplementary figures showing characterization of PA molecules (RP-HPLC, ESI-MS and CAC); 
analysis and identification of the cleaved PA fragments after incubation with CatB (RP-HPLC and 
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